Sterile neutrinos, if they exist, are potential harbingers for physics beyond the Standard Model. They have the capacity to shed light on our flavor sector, grand unification frameworks, dark matter sector and origins of baryon anti-baryon asymmetry. There have been a few seminal studies that have broached the subject of sterile neutrinos with low, electroweak-scale masses (i.e. ΛQCD mN R m W ± ) and investigated their reach at hadron colliders using lepton jets. These preliminary studies nevertheless assume background-free scenarios after certain selection criteria which are overly optimistic and untenable in realistic situations. These lead to incorrect projections. The unique signal topology and challenging hadronic environment also make this mass-scale regime ripe for a careful investigation. With the above motivations, we attempt to perform the first systematic study of low, electroweak-scale, right-handed neutrinos at hadron colliders, in this unique signal topology. There are currently no active searches at hadron colliders for sterile neutrino states in this mass range, and we frame the study in the context of the 13 TeV high-luminosity Large Hadron Collider and the proposed FCC-hh/SppC 100 TeV pp-collider.
I. INTRODUCTION
With the discovery of the Higgs-boson-like resonance at the LHC [1, 2] , we are very quickly approaching a detailed understanding of electroweak symmetry breaking and mass generation in the SM. The presence of fermion mass hierarchies (i.e. hierarchies among the Yukawa coupling constants) nevertheless remain a mystery. The Yukawa couplings that span across many orders of magnitude and the appearance of mass ratios that are seemingly very close to powers of the Cabibbo angle (see for instance [3] and references therein) along with patterns in the quark and lepton mixing matrices seem to suggest that the flavor sector of the SM may have a rich underlying structure.
All the current experiments are largely consistent with the existence of three neutrino electroweak eigenstates (ν e , ν µ , ν τ ). Nevertheless, there have been a few tantalising discrepancies from various short-baseline neutrino experiments [4] [5] [6] [7] over the years. They have occasionally been very hard to accommodate in the three active-neutrino picture, leading to many studies incorporating additional singlet neutrino states to the framework [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . For instance, trying to accommodate the LSND [4] and MiniBooNE [5] A similar mass squared difference is also seemingly required to reconcile the reactor anti-neutrino flux deficit [7] , but this interpretation has been weakened recently [23] . On the other hand, embedding frameworks leading naturally to light neutrino masses, such as the see-saw mechanism [24] , into grand unified models [25] [26] [27] [28] [29] [30] [31] [32] [33] furnishes singlet neutrino states that are extremely heavy with a mass O(10 12 −10 16 ) GeV. These have the added benefit of mitigating, to some extent, fine-tuning of the neutrino Yukawa coupling constants. In these models Yukawa couplings may be O(1) and the large hierarchy in mass is subsequently generated, after mass diagonalization. There are also intriguing models [34] [35] [36] [37] with sterile neutrino states below the Λ QCD scale with masses O(1) keV that may simultaneously be able to explain structures in the lepton sector, provide darkmatter candidates as well as furnish a solution to the baryon anti-baryon asymmetry observed in the universe. Along with these considerations perhaps there is also another aspect to be kept in mind -a small right-handed neutrino mass (m M ν R ) must be considered technically natural, as emphasised by [38, 39] , since in the limit m M ν R → 0 one regains U (1) B-L as a global symmetry of the Lagrangian.
The above considerations suggest that a priori there are perhaps no immutable reasons to expect the righthanded neutrino mass-scale to be at a particular value. Motivated by this realization it is reasonable to devise arXiv:1707.00008v2 [hep-ph] 26 Sep 2017 search strategies for sterile neutrinos that cover all possible mass-scales.
There has indeed been endeavours to directly and indirectly search for sterile neutrino states across various mass scales (see for instance [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] and associated references). For instance, in [53] the sensitivity of a future lepton collider to displaced vertex searches were investigated in final states e + e − → ν(N → l ± jj, l + l − ν, . . .). A similar, earlier study [54] based on displaced vertices at the LHC investigated processes such as pp → l ± (N → l ± X). Another study in [55] µ initiated by sterile neutrinos at the LHC; the latter being initiated only in the case of Majorana sterile neutrinos. Studies such as [56] focused on left-right symmetric models with a heavy W R , leading to 'neutrino-jet' final states W R → l(N → ljj); where the N decay-products are collimated even for m N m W ± . Recently, there have also been interesting studies attempting to constrain electroweak-scale sterile neutrinos through precision Higgs data [57] and higgs decays [58] . A more complete discussion of current theoretical studies and limits, across various massscales, is contained in [43] [44] [45] [46] [47] and associated references.
The ATLAS and CMS collaborations have performed dedicated searches for heavy Majorana neutrinos [59] [60] [61] [62] in various channels. The CMS collaboration has looked for heavy sterile neutrinos in µ ± µ ± jj, e ± e ± jj and e ± µ ± jj final states at √ s = 8 TeV with 19.7 fb −1 of data [59, 60] . The ATLAS collaboration has similarly searched for heavy Majorana neutrinos in the µ ± µ ± jj and e ± e ± jj channels at √ s = 8 TeV using 20.3 fb −1 of collected data [61] . The CMS collaboration has also recently set preliminary limits at √ s = 13 TeV [62] , with 2.3 fb −1 data, for heavy composite Majorana neutrinos in final states with two leptons and two quarks. All the current LHC constraints for the l ± l ± jj channels are summarised in Fig. 1 . We are interested in probing a regime where the sterile neutrino states have a mass above the bottom-quark mass (m b ) but is at the same time well below
In this narrow mass-region, the existing constraints are minimal and the signal topology is unique while being challenging. We shall sharpen and motivate the region of interest in more detail in Sec. III. The prototypical signal event is illustrated in Fig. 2 . In this region the sterile neutrino is usually very boosted and the decay products get collimated into a lepton jet. 
There have been a few hadron collider studies specifically focused on this region [47, 63] . The pioneering study [63] assumed a background-free search, employing certain selection criteria, with cosmic-ray initiated muon bundles estimated based on an ATLAS analysis [66] ; the latter looked for long-lived neutral particles in LHC events with two lepton jets. Based on these estimates, limits at 13 TeV LHC are set in this region, assuming an integrated luminosity of 300 fb −1 . Similarly, the study pertaining to this mass-scale discussed in [47] for pp-colliders, assumes that there are no backgrounds for 1 mm < cτ < 1 m vertex displacements. With this and a few other assumptions, the study estimates preliminary limits for the highluminosity LHC (HL-LHC) at 13 TeV and the FCChh/SppC pp-collider at 100 TeV [64, 65] . They conclude by acknowledging that a realistic estimate of the backgrounds and sensitivities is very much required in
In the mass regime of interest, m b < mN R m W ± , the main production channel at hadron colliders is through single-W ± production and decay. Since mN R /m W ± 1 the leptons from the NR decay are collimated and form a displaced lepton jet in the relevant parameter space [63] . The lepton from the initial W ± decay is detected as a prompt lepton. this mass-regime.
As we shall discuss in Secs. III and IV, the above search methodologies, selection criteria and considerations regarding signal and backgrounds have to be drastically modified under realistic conditions. Our aim is to perform a systematic study in this mass-scale regime and investigate realistic selection criteria that optimise searches for these light sterile neutrinos at hadron colliders. Towards this aim we explore the discovery potential at the 13 TeV LHC and the proposed FCC-hh/SppC 100 TeV pp-collider [64, 65] . In this low mass-scale regime the decay products from the righthanded neutrino get collimated into a narrow cone [63] . As we elaborate in Secs. III and IV, we will therefore optimise for a topology consisting of a prompt lepton and a collimated set of muons, a muon lepton-jet.
One of the main constraints in the region of interest comes from electroweak precision data [67] [68] [69] [70] [71] . To very good approximation, the limits on active-sterile mixing (|U lN | 2 ), from electroweak precision data, are found to be almost independent of the sterile neutrino masses in this region. At 90% confidence level they are approximately given by
and |U τ N | 2 ≤ 13 × 10 −4 [45, [67] [68] [69] [70] [71] . The other major constraint in this mass regime comes from limits on heavy sterile states produced in Z 0 decays. The L3 [72] and DELPHI [73] 
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−5 [73] . In Sec. II, to clarify notations and put our study in context, we briefly discuss the well known theoretical motivations for sterile neutrinos. Here, we also briefly consider models where low-mass right-handed neutrinos could arise in a natural way. In Sec. III we then discuss the unique signal topology furnished by sterile neutrinos in the mass regime of interest and also discuss aspects of the various relevant backgrounds. Then, in Sec. IV we present our analysis methodologies and main results. We summarise our pertinent findings in Sec. V.
II. RIGHT-HANDED STERILE NEUTRINOS AND THE STANDARD MODEL
The inexplicable and large hierarchies among the fermion masses manifests in its most extreme form in the case of neutrinos. To clarify notations and set context we briefly consider the theoretical underpinnings behind sterile neutrinos and specific models where low, electroweak-scale masses could be generated for these states.
Neutrino oscillation experiments only furnish information about mass-squared differences [75] . Through careful endpoint measurements of the tritium β-decay spectrum, Troitzk [76] and Mainz [77] experiments were able to put an upper limit at 95% C.L. of about
Light neutrinos play a significant role in cosmology, by effecting the expansion history and the growth of primordial structures, which in combination with other astrophysical and cosmological observations, lead to an even tighter bound [78] [79] [80] 
The KATRIN experiment [81] is expected to reach a sensitivity close to m ν < 0.2 eV as well.
All these observations suggest that the neutrinos in the SM have a mass-scale in the sub-eV regime. The neutrinos with SM quantum numbers thus seem to have a mass-scale at least a million times smaller than the next heaviest fermion, the electron. If not an accident of nature, these small neutrino masses beg for an explanation.
In the standard model, the neutrinos have just a single left-helicity field associated with them and therefore one cannot directly write a Dirac mass term in the usual way. One could of course extend the framework minimally by adding just a right-handed helicity neutrino field, thereby giving neutrinos a Dirac mass after electroweak symmetry breaking
If this was the only contribution, the relevant yukawa coupling here has to be fine-tuned to a very small value, to be consistent with the sub-eV massscale of the neutrinos. The interesting observation is that, since the right-handed neutrino field carries no SM charges, one is allowed to also write an additional contribution to the mass of the form
i.e. a Majorana mass term. Here, the charge conjugation is defined as ψ c = iγ 2 ψ * , with the notation ψ 15 GeV) to get viable light neutrino masses in this simplest framework. This right-handed Majorana scale is also attractive from the point of view grand unified theories [82] , specifically left-right symmetric grand unified models such as the Pati-Salam model [83] . The above discussions may be extended to the case of two or more sterile neutrinos. The inclusion of additional sterile neutrinos to the three active ones adds more structure to the neutrino sector.
On the other hand, as we alluded to before, it must be noted that low m M ν R scales must be considered technically natural [38, 39] -since in the limit m M ν R → 0 one regains U (1) B-L as a global symmetry of the Lagrangian. In this context, the presence of additional states in a k-neutrino framework furnishes new possibilities. One could now have novel flavor structures, under seesaw or non-seesaw scenarios, sometimes augmented by lepton-number-like family symmetries. In many of these models the right-handed neutrino mass-scale is unconstrained and could in general be small, leading to interesting observational consequences [38, 39, 41, [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] .
All of these thus imply, as we mentioned earlier, that a priori it is prudent to be agnostic about the exact m M ν R scale and devise search strategies that would span the full range of possibilities. We will be specifically interested in scenarios where m M ν R m W ± , i.e. in the low, electroweak-scale regime. In these scenarios the mixing between the active-sterile states could be larger than naive expectations and potentially unsuppressed. For instance, in inverse seesaw models [85, 86] -the simplest realization of which has three extra standard model singlet neutral fermions (Ψ) in addition to three generations of sterile (N R ) and active neutrinos (ν L )-the Lagrangian takes the form
which leads to a neutrino mass-matrix
Note that as δ → 0 one regains the lepton-numberlike protection symmetry, and hence a small δ is technically natural.
On diagonalizing the mass matrix, assuming a hierarchy among the scales δ M D M , the mass of the light neutrinos scale as
while the active-sterile mixing matrix elements still scale as
Owing to the presumably small δ and the difference in scaling behavior between masses and mixing angles, we have the possibility of getting very small SM neutrino masses, while retaining the possibility of relatively light sterile neutrinos. The latter could also have significant mixing with active neutri-
). This could lead to effective couplings between the sterile states and the W ± , Z 0 vector gauge bosons that are relatively unsuppressed. Thus, the relatively large mixing angles along with the lighter masses open the way for these right-handed sterile states to be searched for in particle collider experiments.
In the mass-range we are interested in, m b < m N R m W ± , the dominant production mode for a sterile neutrino are through W ± charged-current and Z 0 neutral-current interactions, mediated through the mixings with active-neutrino states,
For higher m N R and energies, other production modes also become relevant [96] [97] [98] [99] [100] . For masses below the bottom-quark mass, m N R < m b , production through B-meson decay channels also open up. The right-handed neutrinos after being produced subsequently decay, again through W ± chargedcurrent or Z 0 neutral-current interactions mediated by active-sterile mixing. The partial widths to leptonic final states are given by [44, 101] 
Here the SM couplings are defined asĝ L = 1 2 + sin 2 θ W andĝ R = sin 2 θ W . We are interested in devising an optimal search strategy for low, electroweak-scale sterile neutrinos produced at pp-colliders; dominantly via decays of W ± and which decay through their charge-current interactions. The typical process of interest is therefore
as shown in Fig. 2 .
In the next section we will take a closer look at the event and background toplogies to be expected and discuss considerations that must be taken into account for an effective search at the LHC and the proposed 100 TeV pp-colliders.
III. EVENT TOPOLOGY AND BACKGROUNDS
Traditional multilepton searches (for example Ref. [102, 103] ) can have high sensitivity for sterile neutrinos with masses above ∼100 GeV. These searches rely on prompt, well-separated (and isolated) leptons in the final state, and typically require lepton transverse momenta (p T ) to satisfy p T > 20 GeV. With careful selection of isolation criteria, and lowering of the lepton p T threshold, or by considering final states with dileptons and jets, the sensitivity can be extended to sterile neutrino masses as low as 50 GeV [59, 60] .
However as the mass of the sterile neutrino becomes lighter, which is the case of interest in our current investigation, new search strategies need to be explored. One such interesting final state involves a prompt lepton along with a lepton-jet [63] . In a lepton-jet, two or more leptons lie very close to each other in the detector. Such a signature will be rejected by standard isolation criteria, and needs a separate, special selection criteria. Lepton-jet searches have been carried out by the LHC experiments in the context of different new physics models. ATLAS searches for pairs of lepton-jets [104] which might or might not be significantly displaced from the interaction point. CMS searches for a pair of leptons [105] which may lie close to each other, but which are displaced and need to satisfy m > 15 GeV. The CMS search also has stiff requirements on lepton p T .
A different approach is needed to probe for sterile neutrinos that lie in the range m b < m N R m W ± . We choose a final state that consists of a lepton-jet accompanied by the presence of a prompt, well-isolated lepton. This choice of final state dictates the analysis strategy, since it significantly affects which standard model processes will act as a background to the search. Further selections to optimize the sensitivity are then governed by the interplay between the signal of interest, the backgrounds and the specific selections.
The particular decay chain we probe is
Here the arises promptly from the decay of the W ± , and has relatively high p T . On the other hand, the and , which arise from the decay of the sterile neutrino (N R ), are not necessarily prompt and can have low p T , depending on the mass and lifetime of the N R . Moreover, depending on the boost of the N R , the and can also come close to each other forming a lepton-jet. Let us now consider each aspect of this signal topology carefully.
The separation between the decay products of N scale as ∆R ∼ m N R /p N R T while in the rest frame of the W ± the momentum of the sterile neutrino scales as p
This implies that around m N R ∼ 20 GeV the opening angle for the decay products will exceed ∆R ∼ 0.5. At around this mass the lepton-jet selection criteria will therefore become less efficient and one expects that the limits obtained near m N R ∼ 20 GeV should be weaker than those from other experiments [67] [68] [69] [70] [71] [72] [73] . On the other hand, below m N R 4 GeV there are already very strong limits on active-sterile mixing angles from other searcheslepton number violating meson decays, peak searches in meson decays, beam dump experiments and so on (Please see for instance [45] and references therein). Some of the planned experiments in this mass range, such as DUNE [106, 107] and SHiP [108, 109] , are projected to have the capability to probe mixing angles all the way down to |U µN | 2 ∼ 10 −10 . We therefore sharpen our mass-regime of interest to be between 4 GeV < m N R < 25 GeV . Here, a J/ψ resonance is produced in association with a W ± . The decay products from the boosted J/ψ fake a lepton-jet while the W ± furnishes a prompt lepton. A relatively significant fraction of such events could still survive after a naive selection. They must therefore be accounted for more carefully while making an optimised analysis.
In this mass regime of interest, for small sterileactive mixing |U µN | 2 , one also expects from Eq. (16), the lepton-jet to be displaced appreciably from the primary vertex due to the large N R -boost. This displacement may potentially be leveraged to discriminate between signal and background. Nevertheless, as we shall explain in Sec. IV this criterion turns out to be less significant, rather counterintuitively from naive reasoning, for overall signal sensitivity.
The presence of the prompt isolated lepton in the signal topology significantly simplifies the trigger needed for such a topology. Typical isolated lepton triggers at the ATLAS or CMS experiments have p T thresholds ranging from 23 GeV for muons to 35 GeV for electrons. In addition, advanced trigger strategies such as those employed in Ref.
[104] can also be constructed. At a hadron collider such as the LHC, a large source of single isolated prompt leptons is SM W ± production. Along with direct production, W ± also arise through the decay of t-quarks. The cross sections for t-quark production (tt and single-top events) are also significant compared to signal at the LHC. Other standard model processes that give rise to more than one isolated prompt leptons (Z/γ * , or W Z production) can also lead to background to a final state with a prompt lepton.
Muons generally provide cleaner lepton and lepton-jet signals as compared to electrons or τ leptons. Muons are reconstructed using the tracking chambers and therefore gives a better lepton-jet discriminant. For our conservative estimates we shall therefore assume that there is only appreciable mixing between a single sterile state and the muon-neutrino (ν µ ). After analysis, this would therefore translate to a stricter limit on |U µN | 2 as a function of the sterile neutrino mass m N R . If other channels are open then the limits obtained in a prompt-muon and muon-lepton-jet final state analysis will be weaker.
The requirement of a lepton-jet should significantly reduce the W ± and top backgrounds. But at hadron colliders, W ± are typically accompanied by light hadrons in a large fraction of events. Several light hadrons such as the J/ψ and the Υ decay to a pair of oppositely-charged leptons. When these light hadrons are boosted, the resultant dilepton decay may mimic the lepton-jet of the signal (Fig. 3) . This background can be reduced by raising the p T thresholds on the lepton-jet muons and placing strict requirements on hadronic activity. However given that almost 6% of all J/ψ's decay to a purely dimuon final state, such requirements will not remove this background completely.
The other significant background could come from tt events. The tt semi-leptonic decay chain results in one prompt lepton, two b-quarks, and two light quarks (tt → W ± bW ∓b → ± νqq bb). A potential decay chain for the b-hadrons is through semileptonic decay to chadrons which subsequently decay semileptonically to lighter particles. Such a decay chain can also give rise to two oppositely-charged leptons. Given the boost of the b-quark, these two leptons can mimic the signature of a lepton-jet. Thus both W -boson production, and tt production can result in significant background to a prompt lepton + lepton-jet final state. An example of a final state that could arise from the tt background is illustrated in Fig. 4 . A requirement of low hadronic activity in the event will supress the tt background considerably, but not remove it completely. Further supression can be obtained by requiring the lepton-jet to be isolated, i.e. by requiring low hadronic activity in the immediate neighbourhood of the lepton-jet.
Other small contributions arise from single-top production, as well as low rate processes such as Z → 4 , Z + bb, or W Z/W γ * . The Z → 4 process where an asymmetric internal conversion takes place [110] can result in a soft muon appearing almost collinear to one of the muons from the Z-decay. This background as well as background from Z + bb and W Z can be reduced to negligible levels by vetoing events that have more than one isolated lepton, and by requring that the invariant mass of all three muons in the event is below the W -mass. The W γ * background can be further reduced by considering the alignment of the missing energy with the µ-Jet. Fig. 5 shows the invariant mass constructed from the two muons that form the µ-Jet. The signal distribution, as expected, peaks at harder values with increasing m N R . The background is concentrated at low values, since it arises primarily from b-hadron as well as lighter hadron decay. We do not use the invariant mass in our study as we find that it inordinately affects signal acceptance for low mass sterile neutrinos. We now proceed to detail the search strategy and discuss the prospective reach attainable at hadron colliders.
IV. LEPTON JET PROBES OF STERILE NEUTRINOS AT THE LHC AND FCC-hh/SppC
The signal mass-region of interest presents unique challenges and necessitates a careful analysis strategy, taking into consideration all the features of the signal and background topologies discussed in the previous section. Our aim is to carefully account for the relevant backgrounds and tailor the selection criteria to enable an optimal search strategy at a hadron machine. We will present our results in the context of the 13 TeV HL-LHC, and the proposed 100 TeV FCC-hh/SppC colliders [64, 65] .
As mentioned, we will assume that there is appreciable mixing only between the sterile state and muonneutrinos to set a conservative limit. This is partially motivated by the fact that at the LHC, muons will provide a cleaner lepton and lepton-jet signal as compared to electron or tau leptons. Identifying lepton-jets with electrons and taus require a more careful understanding of how hadronic objects might be wrongly reconstructed or misidentified as lepton-jets. Muons on the other hand are reconstructed using the tracking chambers and this gives a better measurement of the kinematics. With this consideration we will also take the prompt lepton and lepton-jet to be muonic.
In the 4 GeV < m N R < 25 GeV mass-range, the dominant mode of production for N R is via an onshell W ± boson, as in Fig. 2 . The N R is produced in association with a prompt muon
The cross-sections for this production channel could differ by an order of magnitude between a 13 TeV and 100 TeV hadron collider. In Fig. 6 we illustrate this variation for the production cross-section in the case of m N R = 8 GeV, as a function of the mixing. As we shall see, in the case of the backgrounds this increase can be even more drastic presenting challenges at 100 TeV. After production, we will consider the fully leptonic decay of the N R , proceeding via an off-shell W ± * or Z 0 * boson
FIG. 6. The production cross section for a sterile, righthanded neutrino in association with a lepton, generated via on-shell W ± decay. The plot is for mN R = 8 GeV and the variation is shown as a function of the mixing. The two curves are for the 13 TeV (red) and 100 TeV (green) cases.
We optimize our analysis for the case where the N R is boosted. This results in the final state muons and neutrino arising from its decay to be collimated. Thus our signal lepton-jet of specific interest is a muonlepton-jet
where the muons and neutrino are tightly collimated in a small cone-radius. We will require these pair of muons to be within a cone of radius ∆R < 0.5, where ∆R = ∆η 2 + ∆φ 2 . We will refer to this object as a muon-jet or µ-Jet henceforth. Due to the boost of the N R and small mixing angles, the µ-Jet will be displaced from the prompt muon at the primary vertex. So, the characteristic signal being searched for consists of a prompt muon and a displaced µ-Jet.
We generate the signal processes using MadGraph5 aMC@NLO [111] for both 13 TeV and 100 TeV. The parton showering and hadronization are preformed using Pythia 8.219 [112] with Tune 4C used to simulate the busy hadronic environment. The hadronized output is then passed through the Delphes 3.3.2 [113] detector simulation. We use the default CMS and FCC detector cards for 13 TeV and 100 TeV respectively.
The dominant SM backgrounds arise from W ± production in association with jets and from tt produc-tion. The Z → 4 and W Z backgrounds are reduced by demanding the invariant mass of the µ-Jet with the prompt muon, m µ-Jet−prompt µ < 80 GeV. The additional vetoing of a second prompt muon helps to completely remove the contribution from Z, and W Z processes. These selections do not impact the signal given the lack of a second prompt muon in the signal, and since the signal process begins with an on-shell W boson.
The background processes also follow the same simulation chain as the signal. The exact efficiencies of reconstructing non-standard objects, such as muonjets, at a future 100 TeV detector are of course less well understood, and must await a detailed description of the final detector design. We do our analysis using generator level hadronized output at both 13 TeV and 100 TeV. To assess the effect of reconstruction efficiency on the signal, we consider two scenarios: a per-muon efficiency of 90%, which will result in an event efficiency of about 70%, and a per-muon efficiency of 80%, which will result in an event efficiency of about 50%. We start by making a selection for the prompt muon. We require the prompt muon to satisfy p T > 22 GeV, and |η| < 2.4. We then also make additional requirements on the impact parameter of the muon to ensure promptness, while requiring the muon to be isolated. At the LHC, this prompt isolated muon can be used to trigger the event. For the µ-Jet, we start with selections based on the unique kinematics and topology of the signal, and subsequently impose further criteria that help to discriminate against dominant backgrounds, that may still contaminate the signal region.
Overall, our signal selection criteria may be listed as:
• S0 : Require an isolated, prompt muon with p T > 22 GeV, and |η| < 2.4. Transverse impact parameter d XY < 0.2mm and d Z < 0.1mm. The prompt muon is required to have the relative isolation, Σp trk p T < 25%. Here Σp trk is the sum of transverse momentum of all charged particles with p trk > 1 GeV around a cone of ∆R < 0.4 from the prompt muon.
• S1: We require the µ-Jet to be composed of a pair of muons with opposite charge, and with p T > 2 GeV and |η| < 2.4. This pair of muons should also satisfy ∆R < 0.5. The µ-Jet 4-vector is constructed by adding the 4-vectors of the two muons which form the µ-Jet.
• S2: We require the invariant mass of the µ-Jet with the prompt muon, m µ-Jet−prompt µ < 80 GeV . We also require that there is not more than one prompt muon per event. Both these requirements reduce the contribution from Z → 4 to negligible levels. In addition since the signal is produced starting with an on-shell W -boson, we also expect the invariant mass to not contribute beyond the W -boson mass.
• S3: The signal does not have significant hadronic activity, while the primary backgrounds have jets. We require H T < 60 GeV, where H T is defined as the scalar sum of p T of all AK4 jets in the event with p T > 30 GeV. This selection reduces both the tt and the W ± +Jets background.
• S4: The azimuthal angle between the missing transverse energy (MET) and the µ-Jet should satisfy ∆φ muon-jet−MET < 0.5. This selection supresses the tt background and the W ± +Jets background, where the ∆φ muon-jet−MET has no preferential value.
• S5: We construct an isolation variable for the µ-Jet as the sum of transverse momenta of all charged tracks with p T > 1 GeV within a cone of ∆R < 0.6 from the µ-Jet. We require this sum to be less than 3 GeV. This selection strongly discriminates against the tt and W ± +Jets background since the muons in these processes are accompanied by hadronic activity.
At 100 TeV, the fraction of signal events that are produced in the forward direction increases as compared to 13 TeV. The existing LHC experiments have coverage up to |η| < 2.5 for muons, and |η| < 5 for the calorimeters. We have considered that the detectors at a future 100 TeV collider will have extended muon coverage, as compared to present detectors, and thus we modify our selection to |η| < 5.0 for all muons in our 100 TeV analysis. But being in the narrow 4 GeV < m N R < 25 GeV signal regime, we find that most kinematic quantities of interest, such as the p T of muons, MET etc. are quite similar between 13 TeV and 100 TeV. We have therefore adopted, as evident from selection criteria S0-S5 earlier, identical selections for 13 TeV and 100 TeV studies. We have performed cross-checks to ensure the robustness of these assumptions.
In Fig. 7(a) we show the azimuthal angle between the missing transverse energy (MET) and the µ-Jet for signal and the combined background (tt and W +jets) for a 13 TeV collider. As expected the signal is concentrated at the lower end, while the background has uniformly distributed value of ∆φ muon-jet−MET on average. Fig. 7(b) shows the isolation of the µ-Jet of the signal and the combined background (tt and W +jets) for the 13 TeV collider after our signal selections S0 through S2 have been imposed. The tt production (t → W b → νb) and the W +jets gives rise to a muons in a cascade decay. Hence due to their busy hadronic environment, the µ-Jet for the backgrounds are lesser isolated than the signal. We also consider cosmic-rays as a background. Given our topology a cosmic-ray can only act as a background if it passes through the interaction point (thus acting as the prompt muon in the event, and one of the µ-Jet muons). Following the estimate presented in Ref. [63] , we consider this background to be negligible.
Previous studies have considered the impactparameter and displacement of the µ-Jet muons to be a sharp discriminating variable, against background, and have made selections for displaced muon-jets. We find that placing too hard a cut on these variables actually reduces overall sensitivity to events where the µ-Jet is sometimes less displaced. It is also found that after other selection criteria it does not impact the remaining dominant W cc or tt backgrounds significantly. The primary backgrounds arising from tt decay involve b-hadrons. These b-hadrons have lifetimes of order cτ ∼ 500µm, resulting in muon displacement distributions that appear similar to signal over a significant part of the parameter space. Given these reasons, we do not actually make any hard impact-parameter requirements or displacement requirements for the µ-Jet muons.
Given the selections described above (S0 through S5), Table I shows the acceptance for signal and background for our 13 TeV analysis, while Table II shows the same for the 100 TeV analysis. It is evident that the veto on hadronic activity, and the ∆φ requirement between the µ-Jet and MET reduces the background drastically while maintaining high signal sensitivity. As an alternative to the hadronic activity veto, as a cross-check, we also performed a separate study using b-tagging to assess the impact on the tt background. For this study, we considered the b-tagging efficiency from the CMS experiment [114] . We find, perhaps unsurprisingly, that an overall hadronic activity veto acts as a better background discriminant than using b-tags given the typical b-tagging efficiencies of 90% with misidentification rate of about 1%.
In Fig. 8 , we compare the final estimated sensitivity for our selections. Existing constraints are shown Top pair-production + Wcc FIG. 7 . Depicted on top is the azimuthal angle between the missing transverse energy (MET) and the µ-Jet for signal and the combined background (tt and W +jets) for a 13 TeV collider. As expected the ∆φmuon-jet−MET peaks at a lower value for the signal while showing no particular preference for any value for the backgrounds. Shown on the bottom is the isolation of the µ-Jet for the signal and combined background. The µ-Jet for the backgrounds is much lesser isolated due to busy hadronic activity. Both of these are obtained after the selections S0 through S2 have been imposed. as dotted curves. The contours are for 13 TeV LHC with 300 fb −1 data (red) and 100 TeV FCC-hh/SppC also assuming 300 fb −1 data (green). We show 95% CL limits on |U µN | 2 as a function of right-handed neutrino masses m N R . The limits were computed using the asymptotic limit method [115] - [118] . Assuming a 100% event reconstruction efficiency for signal, the up- per limit on the signal cross-section is calculated to be σ LIM = 9.03 × 10 −4 pb. If we consider efficiencies of 70% and 50%, the upper limit worsens to 1.3 × 10 −3 pb and 1.8 × 10 −3 pb respectively. As expected, the reach of the experiment will depend on the efficiency with which muons (and the signal events) are reconstructed. Note that at higher m N R , the sensitivity decreases since the daughter muons no longer satisfy the geometric criteria for a µ-Jet. A high sensitivity at low m N R is maintained due to the extreme low momenta muons considered here.
As shown in Fig. 8 , the 13 TeV LHC search optimised for this mass-regime is already competitive in sensitivity, if not slightly better in some regions, to the sensitivity of the proposed 100 TeV hadron collider. This may seem surprising and contrary to naive expectations. The primary reason is again the narrow [4 GeV, 25 GeV] signal region that we are trying to optimize over and the presence of strongly produced backgrounds that disproportionately increase when one moves from 13 TeV to 100 TeV. Even though the signal cross-section of our signal increases by an order of magnitude at the 100 TeV collider, as evidenced by Fig. 6 , we observe that the background cross-section increases even more drastically -about 5 times as rapidly as the signal. This is of course ex- , and for a similar cut based analysis, the LHC is already competent with a 100 TeV collider. Constraints from electroweak precision data (EWPT) [67] [68] [69] [70] [71] and LEP data (L3 and DELPHI collaborations) [72, 73] are also shown for comparisons.
pected as backgrounds like top-pair production feed off the strong production modes while our signal is dominantly produced solely via the weak interaction, in this regime. The drastic increase in background cross-sections at 100 TeV renders some of the signal cross-section increase and selection optimisations impotent. Thus, if our analysis and understanding is correct, for a 100 TeV hadron collider to do significantly better than the LHC, an increased detector coverage and algorithmic improvements, such as in btagging, might be required, along with more sophisticated search strategies. Based on our study, our current conclusion is therefore that the 13 TeV LHC, for the final states of interest, can give competitive limits in the [4 GeV, 25 GeV] sterile neutrino mass-regime.
V. SUMMARY AND CONCLUSIONS
Sterile neutrino states are well motivated in many extensions of the Standard Model and have the po-tential to cast light on many unsolved questions in our theoretical frameworks. With the realization that their masses are not a priori fixed to any particular massscale, it becomes crucial to have search strategies spanning all the possible values.
We focused on a relatively unexplored mass regime (Λ QCD m N R m W ± ), where current constraints and experimental searches at hadron colliders are lacking. Also, prior theoretical studies in this signal region seem to have missed certain subtle, albeit crucial aspects of backgrounds and selection, while making sensitivity projections.
Motivated by the previous studies, unique signal topology and challenges singular to hadron colliders, we specifically revisited the sterile neutrino signal topology consisting of a prompt lepton and a displaced lepton-jet. We have attempted to make the first systematic study in this signal region, for the 13 TeV high-luminosity Large Hadron Collider and a future FCC-hh/SppC 100 TeV pp-collider.
For the same set of selection cuts, albeit for selection criteria optimised to each collider, our conclusion is that the 13 TeV HL-LHC may already be competitive with a future hadron collider. This is partially due to the fact that we are optimizing over a narrow mass-region in the low, electroweak regime for the signal -so the gains in signal cross-section while going to a higher energy machine are moderate -while the relevant backgrounds for the toplogy under consideration increase much more drastically. A higher detector coverage, algorithmic improvements and a more sophisticated search strategy, in contrast to the simple cut and count based analysis we have performed, may possibly improve the reach at a 100 TeV pp-collider significantly. On the other hand a future e + e − collider may be able to significantly extend the sensitivities to very low mixing angles (see for instance [47] and references therein). Also, during the completion of this work an interesting study [119] appeared that looks for sterile neutrinos by reinterpreting displaced vertex searches (µjj final states) for long-lived particles at LHCb, during run-1 [120] . The study recasts current data and makes projections for future LHCb searches and the final limits are comparable to our study in the mass regime of interest; nevertheless with a different exclusion-limit functional profile.
A systematic and continuing program of sterile neutrino searches at current and future colliders, in all relevant mass ranges and topologies, would help in elucidating the nature of these states, if they exist, and help towards a complete coverage of interesting signal regions.
